SF 6 has for decades been widely used in high voltage insulation and switching applications, e.g. in gas insulated switchgear. Despite its widespread use some important parameters, like the properties of streamers, are still not sufficiently understood. Since breakdown in SF 6 always occurs via the streamer-leader transition the streamer properties are decisive for leader inception and, therefore, breakdown of the insulation. Important parameters are, for example, the streamer radius and the streamer propagation length of arrested streamers. Such properties enter in breakdown prediction models. In the present study the streamer radius and the propagation length were investigated experimentally at 50 and 100 kPa for both polarities using strongly and weakly non-uniform background fields. No experimental information was available so far for negative polarity. The resulting streamer radius scaling agrees with previous experimental results for positive polarity and with expectations from breakdown models for negative polarity. These results were similar for strongly non-uniform and weakly non-uniform background fields. A difference between the two setups was observed for the streamer lengths. It was found that for strongly non-uniform fields the streamer length scales as expected with the critical electric field but with a different field for weakly non-uniform background fields. This was similar for both polarities.
Introduction
Compressed SF 6 is commonly used in high voltage (HV) gas insulated switchgear (GIS) and in high voltage gas circuit breakers due to the excellent insulation and arc quenching properties. Although this technology is mature and has been investigated since the 1960s, an improved understanding of the electrical breakdown and involved processes is of high importance for efficient development and reliable operation of HV equipment using SF 6 . Since SF 6 is known to be a strong greenhouse gas the search for alternatives is ongoing in research and development [1] [2] [3] . The modelling of the breakdown process in SF 6 and alternatives are, therefore, of high interest. A recently developed one-dimensional (1D) model could successfully describe the measured breakdown voltages under the relevant operating conditions of HV switchgear using SF 6 [4] [5] [6] . This model is currently also successfully applied to SF 6 alternatives [7] . The previous studies have shown that the breakdown in compressed SF 6 in technically relevant electrode arrangements occurs via stepped leader propagation [8] [9] [10] [11] . The recent model [4, 5] delivers, among several other quantities, the breakdown voltage and the length of the discharge for a given configuration, i.e. electric field, pressure, polarity and ambient temperature. It requires a few physical input parameters. One of the most unknown parameters in the model is the streamer radius. Previous measurements of discharge channels at positive polarity were done by Torshin using Schlieren techniques [12] . These results were used for the model [4, 5] . At negative polarity no information was available and the streamer radius could only be indirectly estimated from breakdown measurements [4] . The mentioned Schlieren measurements of Torshin [12] focused on leaders and only limited information about streamer radius is given. The results were obtained at 304 kPa, where an initial radius of about 6-8 µm was reported for the initial stage of the discharge formation. This was attributed to the first streamer. Previous experiments of Torshin [13] for 203, 405 and 811 kPa report similar numbers and are comparable with data of leader precursor radius measurements in [14] . Furthermore, Chalmers et al [15] investigated the development of leader discharges in a point-plane gap in SF 6 up to 500 kPa and reported a streamer radius (during leader step development) of 25 µm at 100 kPa. All these experiments were done in point-plane gaps at positive polarity. A further experimental study, where breakdown measurements in a point-plane arrangement have been performed [16] , indicated that at negative polarity the streamer radius might depend on the homogeneity of the electric background field revealing higher streamer radii for strongly non-uniform background fields.
The objective of the present contribution is to confirm the previous assumptions and measurements for negative and positive polarity, respectively, and to provide input data for the model [4, 5] . This is done by optical measurements of the streamer and leader channel radius in weakly non-uniform and strongly non-uniform electric field arrangements at both polarities. Furthermore, the experimentally obtained length of the initial streamer corona is presented and compared to theoretical predictions.
The physical picture and the relevant theoretical considerations are introduced in section 2, the experimental setup is presented in section 3, the results are reported in section 4, discussed in section 5, and concluded in section 6.
Physical picture
The breakdown in compressed SF 6 is a sequential process of the production of an initial electron close to the high field electrode, the development of streamer corona, the streamer to leader transition, the stepped leader propagation towards the opposite electrode, and the leader to spark transition. During stepped leader propagation a streamer corona develops at the tip of the propagating leader [8, 9] . The properties of single streamers and of the streamer corona, in particular the radius and the spatial extension of the streamers and streamer corona, are of importance for the modelling of stepped leader propagation. The physical picture and the nomenclature used in the present contribution are similar to [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] : the streamer [8, 9] is a filamentary discharge which develops from an avalanche if the streamer criterion is fulfilled [17, 18] . The diameter of a streamer is controlled by the radial diffusion of electrons and photoionization from the streamer head [8, 9] . The radial extension of the streamer in SF 6 is expected to be independent of the applied voltage [8] . Furthermore, it was assumed in [8] for SF 6 that the radial extension depends on the polarity, arguing that positive streamers, where avalanches are oriented towards the streamer head, have more narrow channels than negative streamers, where avalanches emerge from the streamer head. Moreover, the streamer radius ± R is expected to scale inversely proportionally with the number density of the gas. For constant temperature this is equivalent to a scaling with pressure p [8, 15, 23] . For our model and for practical applications where the temperature is close to an ambient temperature of 300 K this is more convenient. In the following we use, therefore, the pressure dependence of the streamer radius according to:
where ± C s is a constant. This pressure dependence motivates a determination of ± C s at low pressures, since the radial extension becomes smaller with increasing pressure. The constant ± C s can be determined experimentally [5] either directly through radius measurements or indirectly through breakdown measurements or it can be deduced from numerical simulations [19] . Different values are reported from previous investigations: − C s = 3 m · Pa and + C s = 2 m · Pa were used for leader propagation modelling in uniform background fields [5] , later − C s was adapated to 8 m · Pa for non-uniform background fields [16] . In [8] , initially these constants were roughly estimated with For the model we are interested in a thermally active radius of the streamer channel since this determines the transition to a leader. The thermally active radius can be measured by Schlieren techniques. Gallimberti et al report that the selfluminous radius coincides with its corresponding Schlieren value [14, 20] . This justifies to measure the optical radius and to use the obtained values in the model. Furthermore, in SF 6 the streamer radius is nearly one order of magnitude smaller than in air [21] [22] [23] , e.g. at 100 kPa and 300 K we expect a streamer radius of only 20 µm in SF 6 and about100 µm in air at positive polarity. Within the limited experimental accuracy possible differences between the self-luminous, thermally active and electrical radius are neglected in the present work. In the following, the radius of the streamer refers to the optical radius of the discharge filament without any halo, i.e. the selfluminous core.
The length of a streamer and the extension of the first streamer corona, respectively, are other parameters of interest, which can be deduced from optical measurements. With sufficient accuracy the streamer channel field in SF 6 can be assumed to be equal to the critical field E cr [8, 10, 17, 24] . This is a characteristic of strongly electronegative gases, where attachment lengths and attachment times are that small that electron current can only be maintained if the attachment is compensated by ionization, i.e. at the critical field [25] . This is different from air where the streamer channel field, more often referred to as streamer stability field, is significantly lower than the critical field, e.g. [22, 23, 26] . The approximate length of a streamer l s in the direction of the electric field line can be determined by the following consideration. The streamer extends in 1D, i.e. along an electric field line, into the gap until the potential drop across the streamer equals the potential drop from the undisturbed background field ( ) E z [8, 20, 27] :
This describes that the streamer propagates until there is no remaining field enhancement at the streamer tip.
Another estimation of the streamer length yielding the maximum possible corona extension is [24] :
The consequence of (3), following the consideration regarding the potential drops, is that the applied voltage U is completely consumed by the streamer and no more potential drop across the remaining gap to the opposite electrode remains. This can only be true in vanishing background fields in the streamer head location or when the gap is completely bridged. It can be used as an upper limit and for discussion of the obtained results in the following. Furthermore, it can be expected from the above considerations that the streamer length should be independent of polarity to the first approximation. Polarity effects might be produced by the different streamer head size leading to differences in the electric field at the streamer tip. Also the interaction of streamers [28] during propagation might be different at positive or negative polarity. However, such polarity differences are not reported in the literature and we assume, therefore, that such effects are small.
Experimental setup
The experimental setup for the strongly and the weakly inhomogeneous field arrangements are shown in figures 1(a) and (b), respectively. In both cases the electrode arrangement was placed into a coaxial GIS test compartment (vessel inner diameter ca. 400 mm, length ca. 600 mm), which was filled with SF 6 (>98% purity) at 50 kPa or 100 kPa at ambient temperature. A high voltage step pulse of 100 ns rise time and a constant voltage in the tail of positive or negative polarity was applied for 30 s at the field enhanced electrode. The voltage step was generated by a high voltage circuit consisting of a closing switch, a pre-charged capacitor (2 nF) and a damping resistor (600 Ω). Due to the statistical time lag the discharge inception always occurred after the voltage rise during the constant part of the applied voltage. Therefore the rise of the voltage and the inception time are of no importance for the discharge development, which occurs into a space charge free gap. No relevant voltage decay occurred until discharge inception. To ensure independence of successive voltage applications and similar conditions in the test gap, a pause time of at least 100 s followed by a small dc voltage (below inception voltage) to remove residual ions were applied. The GIS compartment was equipped with two UV transparent quartz (Herasil ® 102) windows for optical diagnostics. The windows have been mounted in special flanges to enable as close as possible optical access to the electrode setup without distortion of the electric field in the region of interest.
For the strongly non-uniform field arrangement, see figure 1(a), the gap distance between the electrodes was D = 50 mm. The point electrode was made of stainless steel and had a spherical tip with a radius of 2 mm and an overall length of 190 mm. The counter-electrode was an aluminium plate of 200 mm diameter, where a spherical cap (stainless steel) with a radius of 125 mm was mounted on. The intention was to have a relatively small counter-electrode for the tip to have mainly discharges around the rotational axis of symmetry, which is perpendicular to the axis of optical observation. The electric field lines from the spherical tip of the point electrode towards the counter-electrode are depicted on the right-hand side of figure 1(a). Furthermore, the voltage reduced electric field along the rotational axis of symmetry (dashed-dotted line in the field line plot) = ′ e E U / is shown, where E is the electric field and U the applied voltage.
In the weakly non-uniform field arrangement a plug-plane gap was used. The plug with a hemispherical tip was made of aluminium and had a length of L = 125 mm and a radius of 9.5 mm. In the centre of the tip an artificial protrusion (steel) was mounted. The protrusion had a conical shape with a tip radius of 250 μm, a length of 500 µm and was electrically connected to the plug. The plug was placed between two smooth aluminium plate electrodes of 200 mm diameter. The distance between the plug and the plate electrode was set to D = 30 mm. The electric field lines and the voltage reduced electric field of the background field, i.e. the undisturbed plug-plane field without protrusion, are shown on the right-hand side of figure 1(b).
Diagnostics
The applied voltage step was measured with a damped capacitive voltage divider. For optical diagnostics a photomultiplier tube (PMT) and a commercial D-SLR camera (Nikon D7000) in combination with an image intensifier were used. The PMT (Hamamatsu model R11568) was used to identify the discharges as well as a trigger source in cases when the statistical time lag, i.e. the time delay between voltage application and the first streamer, was long. The operating voltage was set to −750 V. The PMT signal was recorded together with the voltage signal on a digital storage oscilloscope type LeCroy WavePro 960 with an analogue bandwidth of 2 GHz.
The image intensifier, type HiCATT18 from Lambert Instruments, was equipped with a UV sensitive lens 100 F/2.8 (type CERCO ® 2178). The lens was coupled to the image intensifier with macro extension tube rings (in total 69 mm) resulting in a magnification factor of 1.3. The photocathode at the input of the two stage hybrid intensifier is type S20 with a maximal response at 270 nm to 450 nm. The phosphor at the output is type P46 with a decay time to 10% of 200 ns to 400 ns. The resolution at output to the D-SLR was 28 lp mm −1 (lp = line pairs), which can be translated to 17 µm, which is above the 4.7 µm pixel pitch of the CMOS chip of the D-SLR. Thus, the image intensifier was decisive on the overall limit of the spatial resolution, which was estimated to 13 µm (17 µm / 1.3). This optical setup was used for determination of radius and length of the discharges. These dimensions were evaluated with standard image processing software (GIMP [29] ) using the translation 6.15 µm/px.
For the determination of the luminous radius of a streamer several methods are reported in the literature, e.g. [30] [31] [32] , and the resulting radius might depend on the method. The chosen procedure in the present investigation is illustrated in figures 2 and 3 for two examples, which are also shown later in section 4.2. The streamer channel appears as a bright channel in the images, see figure 2. This signal is overlaid by an optical artefact (halo) caused by the optical chain. This can be seen in figures 2(a) and (c). This artefact is assumed to originate from optical crosstalk inside the image intensifier [33] . Therefore measuring of the brightness profile and the determination of the radius from the full width at half maximum (FWHM) of the raw intensity profile is not meaningful; see figures 3(a) and (c). Instead the images have been post-processed by varying contrast and brightness to evaluate the luminous core radius and the extension of the channel. The contrast and brightness settings have been chosen for each image to have a high contrast ratio but no saturation in the luminous core and eliminating in this way the halo and the background noise of the image, see figures 2(b) and (d). A threshold for the brightness was applied to determine the dimensions. For many cases it was checked that this procedure is equivalent to fitting a parabolic intensity profile to the centre of the radial intensity distribution without taking into account the halo, see figures 3(b) and (d). The FWHM of the parabolic profile corresponds to the radius determined by the threshold method. A parabolic intensity profile is expected for a cylindrical homogenous emitting body which is only a first order approximation of the streamer channel. The radius determined from the parabolic profile corresponds to a threshold of 70%-80% of the normalized raw intensity profile. The uncertainties of the radius determination procedure are covered by the variation of the results and are reflected in the error bars. The streamer length was defined by a straight line, starting from the electrode surface until the end of the luminous channel.
The gate pulse width of the image intensifier was varied for various conditions and was in the range of few hundreds ns to some µs. The MCP (micro-channel plate) voltage of the image intensifier was varied between 800 V ± 100 V. Furthermore, the settings of the ISO speed of the D-SLR was varied for various conditions and was set to ISO 1000 for most cases. The results did not significantly depend on these settings.
The test procedure sequence was the following. The D-SLR was activated for 10 s during which the voltage pulse was applied. The image intensifier was triggered either on the voltage rise of the applied high voltage pulse in cases of short statistical time lags (below some µs) or on the PMT signal in cases of longer statistical time lags. In some cases an additional time delay for the image intensifier gate pulse, in combination with triggering on the voltage signal, was set to compensate for the statistical time delay.
Results

Visualization of first streamer corona
The recorded first streamer corona in both field arrangements are shown in figure 4 for both polarities at 50 kPa. Typical duration of such events shown is in the range of a few 10 to a few 100 ns. This time is less than the typical gate time of the image intensifier. In the evaluated events no further discharge occurred during the gate time. The occurrence of discharges and the duration of the events were recorded with the PMT signal. The gate time of the image intensifier (t g ) and the statistical time lag (t s ) of the shown first streamer corona are given in figure 4 . The field enhanced electrode is located at the bottom edge of each image. In the strongly non-uniform field arrangement (see upper row in figure 4 ) the first streamer corona exhibits a spherical overall shape around the spherical tip electrode. The structure consists of several tens of streamers. The formation of a few stems can be observed at both polarities. We interpret this as the feeding of several streamers into one common channel [8, 34] . The overall extension of the streamer corona is similar for both polarities at similar voltages. At negative polarity the corona, especially the ends of the discharges, appear more diffuse than at positive polarity where the discharges have more confined ends.
In the weakly non-uniform field arrangement the streamers are 'pinned' to the electrode protrusion, but also additional streamers appear from the plug if the applied voltage was sufficiently high to fulfil the streamer criterion also at the plug surface. This was the case in the examples shown in the lower row of figure 4. At positive polarity it was not possible to trigger on the voltage step pulse to 'capture' the complete first streamer corona due to large statistical time lags. Instead, the PMT signal was used for triggering of the image intensifier. Due to an intrinsic time delay between the PMT signal and the gate of the image intensifier of approximately 30 ns only the decay of the emitted light signal could be recorded. This decay appears as a few individual discharge tracks, which end in the same distance from the plug electrode as the whole streamer corona structure. This was checked at negative polarity, where images of the complete first streamer corona have been compared to images of the decay at similar conditions. These structures have been used for length and diameter determination. In comparison to the strongly nonuniform field arrangement less branching, i.e. also no stems, and a lower total number of streamers are observed for the weakly non-uniform field arrangement. The overall shape of the streamer corona is like a brush with a few fingers oriented outwards the plug electrode. The extension is similar at comparable voltages.
In both field arrangements and at both polarities the streamers are oriented along the field lines, see figure 4 in comparison to figure 1. Furthermore, also in both field arrangements and at both polarities, the increase of pressure to 100 kPa leads to less diffuse channels with a lower total number of streamers within the streamer corona.
Streamer radius
The radius evaluation for both field arrangements is presented in the following. The procedure for determination of the mean values of the streamer radius together with the individual measurements are presented for the strongly non-uniform field arrangement. For the weakly non-uniform field only the mean values are shown. Figure 5 shows typical examples of discharge channels which were used for the evaluation of the streamer radius for the strongly non-uniform field arrangement at positive polarity at 50 kPa. As described in section 3.1 the recorded images have been post processed for this purpose. Figure 5 shows examples of the original (figures 5(a) and (b)) and the post processed images (figures 5(c) and (d)) together with exemplary radius measurements.
Since each streamer corona consists of several single streamers, several radius determinations have been performed for each image and the minimum and the maximum radius for each shot were recorded. This approach was chosen to minimize uncertainties and variations of the results, which might be caused by the applied threshold method for radius determination described in section 3.1 but also by the variations of the streamer channels in the images due to projection and focus variations. These results for the strongly non-uniform field are shown for positive and negative polarity in figure 6 . For the determination of the radius only streamers in the focused plane have been evaluated, see for example figure 5. A discharge channel in the focused plane is characterized by the sharpness of the image and minimum diameter. The evaluation was performed at different positions along the streamer and no significant differences of the radius during streamer propagation were observed, see for example figure 5(d). In cases where the determination of the radius of a single streamer inside the complete first streamer corona was not possible the radius of a 'subsequent discharge' was evaluated. This was required either when the full first corona was not (fully) captured ( figure 5(b) ) or when the whole corona was diffuse. The reason why the full first corona was not captured might be either the need to trigger on the PMT signal or if corona inception happened within a time shorter than the intrinsic time delay of the image intensifier.
A 'subsequent discharge' might be a second streamer corona or the first stage of leader development, which happens at the tip of a first streamer and leads to illumination of the channel [8] . During this process the channel might slightly expand due to the thermal heating process. Therefore, the radius determined from this 'subsequent discharge' can be regarded as an upper limit for the streamer radius. Also, regardless of the type of this 'subsequent discharge', it has to originate from a streamer, since this is, after the availability of the initial electron, the first step in the discharge process. The results at positive polarity, see figure 6 (a), justify this assumption since the radii evaluated directly from first streamers and the 'subsequent discharges' yield similar values, i.e. channel expansion was still negligible. This can be also seen in the comparison of figures 5(c) and (d).
For the strongly non-uniform field arrangement the 'subsequent discharges' occurred within the first streamer corona during the abovementioned decay of the emitted light signal. At negative polarity, see figure 6 (b), it was only possible to deduce the radius from these 'subsequent discharges'. The dashed lines in both figures correspond to the expected values for the two tested pressures according to (1) with − C s = 3 m· Pa and + C s = 2 m · Pa. The evaluated radii are in the expected range for both pressures and both polarities. Furthermore, within the scatter the radius is not dependent on the applied voltage. This justifies the averaging of all evaluated radii for a given arrangement, i.e. different voltages but one polarity and given pressure, to obtain a mean value for the minimum and maximum radius together with the corresponding standard deviation. The results for the strongly non-uniform field are shown in figure 7 as a function of pressure. The radius at negative polarity is in the range between 47 ± 4 µm and 58 ± 6 µm at 50 kPa and between 34 ± 5 µm and 43 ± 6 µm at 100 kPa. At positive polarity the radius is in the range between 41 ± 6 µm and 53 ± 6 µm at 50 kPa and between 17 ± 3 µm and 22 ± 3 µm at 100 kPa. The solid and dashed lines correspond to the expected values according to (1) .
The same evaluation was performed for the weakly non-uniform field arrangement and the results are shown in figure 8 . The radius at negative polarity is in the range between 70 ± 11 µm and 90 ± 15 µm at 50 kPa and between 32 ± 4 µm and 40 ± 4 µm at 100 kPa. At positive polarity the radius is in the range between 48 ± 7 µm and 59 ± 5 µm at 50 kPa and between 21 ± 6 µm and 28 ± 5 µm at 100 kPa. The evaluated radii are in a similar range as for the strongly non-uniform background field with the largest difference at 50 kPa and at negative polarity. For both field arrangements the evaluated ranges overlap with the lines for the expected radii according (1) . The largest deviation is observed at 50 kPa and at negative polarity for the weakly non-uniform field arrangement, where also the largest experimental scatter is present and only a low number of shots were recorded due to experimental difficulties to 'capture' the first streamer corona.
Length of the first streamer corona
The evaluated length of the first corona, i.e. the corona which develops into a space charge free gap, is shown in figure 9 for For comparison the expected streamer lengths according to the physical picture, see section 2, are also shown in figure 9 . The dashed line corresponds to the streamer length l s according to (2) and the solid line refers to the maximum streamer length l s,max according to (3) . The experimentally determined streamer lengths are in the expected range and agree well with the theoretical values according to (2) . The streamer lengths increase with the reduced background field almost linearly. Due to the strongly non-uniform field arrangement relatively high values, up to x = 9, for the reduced background field at the tip surface of the point electrode were obtained. At 100 kPa less scatter than at 50 kPa can be observed and the lengths are independent on polarity. At 50 kPa the scatter is larger and a slight difference between positive and negative polarity emerges with slightly higher lengths at positive polarity. Beside this observation, there is no distinct pressure dependence in this pressure reduced representation.
The same evaluation was performed for the weakly nonuniform field arrangement, see figure 10 . The total number of experiments performed for this arrangement was lower and for each pressure and polarity the applied voltage was only varied by some kV if at all. The reason is that in weakly non-uniform field arrangements the voltage range between streamer inception and breakdown, i.e. where the first corona can be investigated best, is much smaller than for strongly non-uniform fields. To avoid overexposure and thus a potential damage of the image intensifier, breakdowns have been avoided, which additionally limits the voltage range to be tested. The lengths of the first streamers are shown in figure 10 as a function of the maximum reduced undisturbed field, i.e. the field at the tip without protrusion. Note that due to the lower field enhancement the x values are much lower compared to the previous case ( figure 9 ). Similar to the strongly non-uniform field arrangement the measured lengths increase almost linearly with the reduced background field and no distinct pressure and polarity dependence is observed.
The streamer lengths are again within the expected range, i.e. between l s and l s,max . But, contrary to the case of the strongly non-uniform field, the streamer lengths for the weakly non-uniform field do not follow the theoretical prediction for l s according to (2) . The values are close to l s,max at higher reduced background fields and at the lower pressure, respectively, and closer to l s for lower background fields. Two additional lines are included in figure 10 for later discussion. These lines correspond to l s according to (2) , but are calculated assuming a lower average streamer channel field. An average channel field of ⋅ E 3/4 cr, 0 and ⋅ E 2/3 cr, 0 was used for these two cases. The experimentally determined streamer lengths are close to these two lines, being closer to the ⋅ E 2/3 cr, 0 line at lower background fields and to the ⋅ E 3/4 cr, 0 line at higher background fields.
Discussion
In the following the results of the streamer radius and streamer length determination will be discussed in the context of the physical pictu described in section 2 considering the expectations mentioned in the motivation. In general, the optical observations made during the present investigation are in agreement with the description of the physical processes.
Streamer radius
Overall, for both field arrangements the evaluated radii are in the expected range according to (1) . This is especially the case if only the minimum values of the determined radii are considered. It can be argued that all uncertainties of the optical measurement, e.g. due to evaluation of a discharge in a slightly defocused plane, overlaid discharges, smearing and halo effects, but also due to successive discharges, will lead to a higher evaluated radius than the real radius of the streamer. Thus, the minimum values and the corresponding standard deviations can be regarded as more meaningful and should be compared to the theoretical predictions. The maximum values give an indication of the uncertainty of the experimental results. These minimum values, see figures 7 and 8, agree within the error bars with the theoretical prediction according to (1) with − C s = 3 m · Pa and + C s = 2 m · Pa for both field arrangements, both tested pressures and for both polarities, except for one case. For the strongly non-uniform field arrangement and a pressure of 50 kPa, the determined minimum radii for negative polarity are lower than expected and instead the maximum values agree with the prediction. This is also evident from figure 6(b). The reason for this difference is not clear, but since the deviation is not large it is not further addressed.
The found voltage independence of the streamer radius in the strongly non-uniform field arrangement agrees with the expectations [8] , but is different from the behaviour known in air [21] [22] [23] . The reason for this is assumed to be produced by the different properties of SF 6 and air. In this respect it is assumed that the most important one is the high electronegativity of SF 6 .
One of the intentions of the present investigation was to check the assumption made in a previous investigation [16] that the streamer radius in strongly non-uniform fields at negative polarity may depend on the non-uniformity of the electric field. It was assumed that larger streamer radii are present for this condition and the corresponding constant used for modelling was cannot be fully applied to strongly non-uniform background fields and negative polarity without adaptions. A possible explanation for a discrepancy might be the effect of the presence of space charges, which might change the electric field distribution and by this change the discharge behaviour. This is usually referred to as 'corona stabilization' [15, 36] and is not taken into account in the model. It is unlikely that this effect is of relevance here, since the large polarity effect was observed without pre-breakdown discharge activity. Another explanation could be the corona charge approximation in the model [5] , which could be different for strongly and weakly non-uniform fields. This might be related to the field divergence, which leads to a more sphere-like corona in strongly non-uniform fields and a more focused corona in weakly nonuniform fields. It is possible that the leader inception mechanism is influenced by these differences in the corona structure.
Furthermore, the results confirm − C s = 3 m · Pa for weakly non-uniform fields, which was so far only indirectly estimated from breakdown measurements [4, 5] . The results are also in agreement with Schlieren measurements for positive polarity [12] , where Torshin reported 6-8 µm at 304 kPa, which corresponds to 
Streamer length
The results for the strongly non-uniform background field, see figure 9 , are in agreement with the physical picture described in section 2. The agreement of the experimentally determined lengths with l s according to (2) confirms that the streamer extends into the gap until the potential drop across the streamer equals the potential drop resulting from the undisturbed background field ( ) E z and that the streamer channel field is equal to the critical field E cr in cold conditions. Also, it confirms that there is no pressure dependence, beside the trivial effect on the critical field, which scales linearly with the pressure. The slight differences between positive and negative polarity at 50 kPa might originate from uncertainties in the length determination. At negative polarity the anode directed streamers shows a more diffuse boundary than at positive polarity, see figure 4 . This is related to the direction of the electron avalanches which are directed towards the pin electrode for positive polarity and towards the plate electrode for negative polarity.
The results for the weakly non-uniform background field are less distinct and require more discussion. In general, the same physical picture is assumed for weakly and strongly non-uniform background fields regarding the length of the streamers. But since the experimentally obtained lengths do not follow l s according to (2) , several possibilities for the deviation are discussed in the following.
The simplest explanation for any kind of deviation could be the presence of the protrusion at the tip of the plug electrode. One could argue that the weakly non-uniform field is disturbed and that the effect of the protrusion is not negligible. This possibility can be excluded due to two reasons. First, a similar setup was used in a previous investigation [36] , where the plug electrode was prepared with and without a (similar) protrusion. No differences regarding the streamer length have been found for both cases. Second, electric field calculations confirm that the protrusion has no significant effect on the background field at a distance in the millimeter range from the plug surface. Thus, the protrusion serves only as a (very) local field enhancement to start the first corona at a defined location.
The average streamer channel field is assumed to be equal to the critical field E cr,0 , see section 2. It was shown in figure 10 that if this average field is reduced to ⋅ E 3/4 cr, 0 or ⋅ E 2/3 cr, 0 a better agreement between the experimentally obtained streamer lengths and the theory according to (2) is reached. There might be several reasons for a lower average streamer channel field. An increased temperature would result in a lower critical field. The two chosen values for the critical field correspond to an average channel temperature of 400 and 450 K, respectively. Such a temperature effect is unlikely since streamers are ionizing waves, which leave a thin ionized channel in the cold, neutral gas [24] and are therefore usually considered as cold discharges. This was also confirmed experimentally with Schlieren measurements [15] and with light measurements with interference filters [20] . Also, especially the streamers of the first streamer corona develop into the cold gas gap, i.e. no pre-heated channels are present. A reasonable change of the average channel field might be caused by interaction or the superposition of several streamers. A streamer corona consists of several tens of streamers and the consideration of single streamers might be too simplistic, see also [20] . If several streamers feed one common channel it might also be denoted as 'stem' [8, 34] . This would represent the transition into a leader, which might lead to sufficient heating of the channel and the corresponding reduction of the critical electric field. Furthermore, it was shown for air with the help of a quasi-2D model that takes into account the interaction of streamers simultaneously propagating in the discharge gap influences streamer parameters and that streamer interaction decreases the field in the channel [28] . Recently it was shown that for strongly branched streamers in air complicated field distributions in the streamer channels can occur [37] . It is not clear, however, if this is valid also for SF 6 . These arguments would also be valid for the strongly non-uniform field arrangement, where deviations from l s according to (2) have neither been observed in the present investigation nor by other authors [8, 20, 34] . However, from the images of the first streamer corona, one can see that the streamers are more concentrated and form a more narrow structure in the plug-plane case, whereas they are more divergent and have larger distances in the pin-plane case. This might promote the interaction of streamers in the case of the plug-plane electrode arrangement. Also, the deviation from l s according to (2) is largest at lowest pressure, where the streamer radius is highest, which also would favour 'overlapping' or interaction of streamers. This is also in agreement, qualitatively and quantitatively regarding the length, with previous investigations [36] .
Another explanation might be the possibility that the experimentally deduced lengths include a further step of the discharge process. If immediately after the first streamer corona, i.e. within tens of ns after the first streamer, a leader precursor is initiated in front of the streamer corona it would appear on an integral image as one continuous path. Leader precursors have been observed to develop starting at the boundary of the corona region [10] and have been registered as discharge activity in the inter-electrode space [15] .
Finally, it is noted that the obtained streamer lengths are within the expected range, if the maximum streamer length l s,max according to (3) is considered. It represents the maximum corona extension assuming the (cold) critical field E cr,0 as the average channel field.
Conclusions
The radius of streamers and the extension of the first streamer corona in SF 6 for strongly and weakly non-uniform field arrangements at 50 and 100 kPa were experimentally investigated at ambient temperature.
The results demonstrate the general validity of (1) . For negative polarity, experimentally obtained streamer radii are presented for the first time and confirm indirectly determined values from breakdown measurements for weakly non-uniform background fields and disprove the indirectly determined values for strongly non-uniform background fields. As a consequence, the results indicate that the leader propagation model [5] cannot be fully applied for cases with strongly non-uniform background fields and negative polarity without adaptions. Possible improvements are mentioned and should be addressed in the future.
Different results are obtained for strongly and weakly nonuniform field arrangements regarding the initial streamer corona extension. For the strongly non-uniform field arrangement the first streamers extend into the gap until the potential drop across the streamer equals the potential drop resulting from the background field. The average streamer channel field is equal to the critical field in cold conditions. For the weakly non-uniform field arrangement a significant deviation from the expected corona extension was found in agreement with [36] . Possible reasons for the deviation have been discussed. The full clarification of this discrepancy remains open for future research.
